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SPACE V E I I I C U  WATER RECLAMATION SYSTEMS 
I -  
By Dan C. Popma and Vernon G. Collins 
Langley Research Center 
INTRODUCTION: 
WATER RECUMATION 
THE NECESSITY AND FOTENTIAL SOURCES FOR 
' Man's basic  physiological need for  water i s  universally recog- 
~ 
nized. Since it i s  not l i k e l y  that we sha l l  f ind  any sources of 
water i n  space, a l l  water requirements of the crew members on a 
space mission must ult imately be m e t  from the quantity of water 
t h a t  e x i s t s  on board the vehicle i n  one form o r  another at launch. 
For space missions, l i k e  Mercury, of r e l a t ive ly  short  duration, 
t he  most simple, straightforward approach i s  t o  include enough 
stored water t o  s a t i s f y  these needs. For longer missions, water 
reclamation systems become important .  This is bes t  understood by 
an examination of the da i ly  water balance f o r  man, as shown i n  
the  first f igure.  
The numbers appearing on t h i s  figure a re  not intended t o  rep- 
resent the  ac tua l  comsumption and products of a l l  people, nor even 
f o r  any one individual. 
from one person t o  another, and w i l l  vary with a single individual 
with workload, d i e t ,  environmental temperature, and many other 
fac tors .  
may be expected and can be used a s  a s t a r t i ng  point f o r  system 
def in i t ion ;  and, what i s  perhaps more important, they can be used 
These quant i t ies  and amounts w i l l  vary 
These numbers do represent, however, an average of what 
L-4284 
. 
L 
t o  i l l u s t r a t e  the significance of reclamation systems and t o  provide 
a basis f o r  making decisions concerning these systems. 
The d i e t  which is  postulated here i s  one of about 3000 kcal  
per day, and u t i l i z e s  a freeze dehydrated food with a residual 
water content of about 10 percent. For space missions anticipated 
i n  t he  near future,  a l l  food w i l l  be provided from s tores  on board 
the spacecraft. For t h i s  reason, w e  can regard the  water t h a t  i s  
i n  the food, and t h a t  i s  metabolically derived nom it as a w a i e r -  
input t o  each man i n  the crew. 
consumption amounts t o  some 5.50 pounds per man per day, t h i s  
leaves an additional requirement of 4.69 pounds that must be made 
up from s tores  o r  reclaimed from waste products containing water. 
Figure 1 shows this need, i n  re la t ion  t o  the  da i ly  material bal- 
ance of man, wherein man requires ( i n  addition t o  this water) some 
1.92 pounds per day of oxygen; and 1.50 pounds of food, which con- 
t a i n s  0.15 pound of water, even i n  the  freeze dehydrated form. It 
may be noted tha t  the  0.66 pound of metabolic water which appears 
on the  input side of the  f igure  ac tua l ly  derives from the  oxidation 
of the  hydrocarbons i n  the  food, providing a somewhat s ignif icant  
amount of water i n  the  output balance a t  the  cost  of some oxygen. 
On the  output side, man produces some 3.24 pounds per day of urine,  
0.29 pound of feces, 2.20 pounds of transpired water, and 
2.24 pounds of carbon dioxide. Contained i n  these outputs are: 
3 . 0 8  pounds of water i n  the ur ine,  0.22 pound i n  the  feces,  and 
Since the  average in t e rna l  water 
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2.20 (essent ia l ly  all) i n  the transpired water. 
the  2.24 pounds of carbon dioxide would y ie ld  on decomposition 
1.63 pounds of oxygen. 
bound i n  the carbon dioxide than was consumed; the  remainder 
appears as water of metabolism. 
Note a l so  that 
Here it may be seen that less oxygen i s  
Sources of water f o r  reclamation are: water that has been 
recovered from the humidity control system, water t h a t  has been 
used f o r  bathing and other personal cleaning, urine,  and water 
derived from the  feces. 
equal a t t rac t iveness  since they vary i n  amount, and i n  the  degree 
and kind of contamination. 
system w i l l  probably be the  least contaminated from the standpoint 
of solids,  since it has already undergone a phase change; however, 
t h i s  water w i l l  contain small amounts of dust and other par t ic les ,  
airborne micro-organisms, and quant i t ies  of dissolved gases. The 
amount of t h i s  source, depending upon the temperature and workload 
of the occupants, may vary by a considerable amount from the  num- 
bers  shown here. 
Not all of these poten t ia l  sources possess 
Water derived from the humidity control 
Water derived from the washing o r  cleaning system need not 
appear i n  t h i s  f igure since it can be considered a closed system. 
Appreciable quant i t ies  of this water do not enter  the environmental 
control  system, nor i s  it operated on by the  individuals, other 
than f o r  its intended use, tha t  is, for cleaning. 
of t h i s  paper, we w i l l  consider th i s  as a closed, 100-percent 
For the  purpose 
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e f f i c i e n t  system, requiring no makeup water. The amount of contam- 
ination which this  water w i l l  contain w i l l  vary with the quantity 
used, the  environment, and other factors .  These contaminants w i l l  
include: dissolved gases, skin o i l s  and surface micro-organisms, 
debris,  and aerosols as well as the  cleaning agent and t race  quan- 
t i t ies  of any o r  a l l  contaminants found Fn urine and feces.  
researchers f e e l  that an amount of wash water equal t o  4 or  
5 pounds per man per day w i l l  be adequate. 
Some 
Urine, as derived from healthy individuals, i s  normally ster- 
i l e  and contains well-known contaminants. It i s  a l so  an excellent 
media f o r  bac te r i a l  growth. 
of water contained i n  urine i s  the  urea. 
bac te r ia l  a t tack,  o r  w i l l  show gradual breakdown, proportional t o  
temperature, l ibera t ing  quant i t ies  of ammonia. The amount of out- 
put of urine will vary from one individual t o  another, but f o r  the  
purposes of calculation we may assume that  an average man's output 
contains about 3.08 pounds of water. 
A major problem with the  reclamation 
Urea w i l l  decompose under 
The last poten t ia l  source, t h a t  of water contained i n  tBe 
feces i s  small, that is, approximately 0.22 pound per man per day. 
I ts  l e v e l  of contamination i s  very great ,  and the  d i f f i c u l t i e s  i n  
recovering t h i s  water indicate  that t h i s  i s  the  least a t t r a c t i v e  
of all the  poten t ia l  sources. 
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WATER RECLAMATION 
The necessity f o r  water reclamation is  wellunderstood, and i s  
most forceful ly  demonstrated by a consideration of the vehicle 
launch weight savings a t  tha t  point in t i m e  when the requirement 
f o r  stored water, at  4.69 pounds per man per day exceeds the  w e i g h t  
of a system t o  recover water from wastes. 
systems t h i s  point occurs a t  about 10 days. 
Gemini might be expected t o  include water reclamation systems when 
considering the  mission duration alone. 
i n  these vehicles, however, a re  h e 1  ce l l s ,  whose by-product i s  water 
For simple d i s t i l l a t i o n  
Thus, Apollo and 
The energy sources used 
~ and, therefore,  no water shortage i s  foreseen and no reclamation 
w i l l  be performed. A s  mission durations exceed about 30 days, f u e l  
c e l l s  w i l l  most cer ta in ly  be replaced by other power providing 
systems that have lesser weight. Then, s ignif icant  launch weight 
savings can be shown. 
It i s  possible through applications of today's technology t o  
perform enough reclamation on man's waste products t o  render a 
space crew independent of a l l  stored water requirements. Figure 2 
illustrates such a balance, wherein, essent ia l ly  a l l  the wash 
water and humidity water i s  reclaimed f o r  reuse. 
reclaiming water from urine a re  shown t o  require an overal l  
recovery eff ic iency of about 80.8 percent, pr incipal ly  because of 
t he  metabolic water produced by man. 
i n  the  feces  can be t o t a l l y  discarded. 
Systems 
As i s  shown, water contained 
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The question immediately a r i s e s  as t o  why it should ever be 
necessary t o  recover more than t h i s  amount, since t h i s  degree of 
recovery apparently balances the water cycle. 
consideration must be given t o  the  requirements of other  systems 
aboard the spacecraft .  
dioxide which i s  given off by man contains only 1.63 pounds of 
oxygen per man per day, whereas, man requires some 1.92 pounds of 
uxybru per. day. 
90 days, it becomes economical t o  recover oxygen from carbon 
dioxide f o r  breathing, rather than supply oxygen from s tores .  
Attention m u s t  then be given t o  the  oxygen balance. 
oxygen consumed went in to  the  manufacture of water, and some i n t o  
the manufacture of carbon dioxide. If the  oxygen cycle is  t o  bal- 
ance, then  some of t h i s  oxygen must be reclaimed from water. Fig- 
ure 3 i l l u s t r a t e s  t he  overa l l  w a t e r  recovery eff ic iency which i s  
required t o  balance both the  water and the  oxygen cycle.  
seen tha t  now, 97.2-percent reclamation of water is  required, as con- 
t ras ted  with the 93.8 percent which w a s  required before the  oxygen 
cycle w a s  closed. 
water from urine which has an overa l l  eff ic iency of 91.6 percent. 
Figure 4 car r ies  t h i s  t r a i n  of thought one s t ep  f a r t h e r .  On 
a l l  space vehicles, leakage of the  vehicle atmosphere will occur, 
even with the most painstaking care  i n  seal ing of the  vehicle.  
addition, loss of t h i s  atmosphere will occur during a i r lock  cycling, 
To understand why, 
As w a s  pointed out i n  f igure 1, the carbon 
-7, wnen mission ciurations increase to about 6u to 
Some of the  
It may be 
This requirement c a l l s  f o r  a process of reclaiming 
In  
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and during the t r ans fe r  of supplies. 
and minimum losses  through air lock cycling, by use of scavenger 
pumps, it i s  estimated that multiman vehicles of some 3-month dura- 
Assuming a very tight vehicle, 
t ion ,  or  longer, may have a leakage as l i t t l e  as 2 pounds per day. 
Performing the  mathematics involved, it can be shown that the  
weight and weighted power penalty fo r  a system t o  reclaim 
the  water from urine t o  make up f o r  losses i n  oxygen and water 
vapor f romthe  vehicle w i l l  have a crossover point a t  about 50 days. 
This means t h a t  recovering a l l  of the water required f o r  man's needs 
(both f o r  drinking water, and t o  balance the  oxygen cycle, and 
recovering suf f ic ien t  oxygen t o  eliminate oxygen s tores  t o  make up 
f o r  leakage and other losses) w i l l  require 100-percent recovery of 
a l l  water from the poten t ia l  sources other than those contained i n  
the  feces.  
of 
METHODS OF WATER FECLAMATION 
Penal t ies  
Economy of water reclamation systems can be thought of i n  
terms of t h e i r  weight and power requirements. 
e l e c t r i c a l  power, a weight penalty i s  assigned t o  t h a t  system t h a t  
corresponds t o  the weight of t he  solar-cel l  array,  or  other power 
source, that would have t o  be placed on board t o  generate t h i s  
power. For our estimates, the conversion f ac to r  used i s  300 pounds 
per  kilowatt  of power used. If a system u t i l i z e s  the waste heat 
I f  a system uses 
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from electronic  and other heat producing components that must be on 
board for  other reasons, then it i s  penalized f o r  the  increased 
s ize  and weight of the space radiator  needed t o  radiate  this same 
quantity of heat a t  a lower temperature. 
0.005 pound per Btu per hour. 
then it i s  penalized f o r  the w e i g h t  of a space radiator  that w i l l  
perform t h i s  function. 
per hour. 
any fl ight-type system regardless of i t s  function. 
This amounts t o  
If a system requires act ive cooling, 
This penalty amounts t o  0.01 pomd per Btu 
These are launch weight penal t ies  and may be assigned t o  
I n  addition t o  these w e i g h t  penal t ies ,  the overa l l  system 
weight must be adjusted t o  accommodate the  weight of supplies, t he  
pre- and post-treatment requirements and other expendables needed 
by the  system. 
expected use, that is, i f  a system i s  s la ted t o  be operational for  
a period of 3 months, then the weight of supplies, such as pre- and 
post-treatment chemicals must be added t o  the system weight i n  quan- 
tities required f o r  the 3-month operation. 
T h i s  must be cumulative over the t i m e  period of 
Present-day technology provides a var ie ty  of systems that would 
be capable of performing water reclamation from human waste ef f lu-  
e n t s  on board a space vehicle.  Some of the  more promising tech- 
niques are being evaluated fo r  the purpose of select ing the most 
optimum system f o r  the  task.  
one w i t h  the  lowest adjusted w e i g h t  penalty with respect t o  the 
par t icular  mission duration. 
Generally speaking, this would be the  
Various system concepts and projected 
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improvements i n  the state of the  a r t  over the next 5 years a r e  sum- 
marized and presented i n  f igure  5. These curves denote system 
w e i g h t  vs. time of use: 
ond, vacuum compression d i s t i l l a t i o n ;  the th i rd ,  closed-cycle a i r  
evaporation; the fourth, reverse osmosis; and the  f i f t h ,  t h a t  weight 
penalty which is  projected from the work which is  being conducted 
a t  the Langley Research Center on system improvements. The bas i s  
of comparison was a s  follows: 
scale  down t o  accommodate the  average ur ine production of one man 
f o r  the  number of days stated. 
day, of which 3.08 pounds is  available water. 
o r  any component thereof may operate no more than 20 hours per day 
and any system i s  penalized f o r  t he  amount of available water it is  
unable t o  recover. 
f o r  wash water reclamation systems. 
wash water per man per day, with the  other penal t ies  applying as i n  
the comparison of t he  ur ine water reclamation systems. These 
curves represent the  projected weight of (1) Electrodialysis;  
(2)  Vacuum Compression Di s t i l l a t i on ;  (3)  Reverse Osmosis; (4) M u l t i -  
f i l t r a t i o n ;  and ( 5 )  Langley Research Center's In-House Effor t .  
the  first being electrodialysis; '  the  sec- 
A l l  systems were sized by d i r e c t  
This amounts t o  3.24 pounds per 
The en t i r e  system 
Figure 6 shows the  weight vs. time penal t ies  
The bas is  here i s  4 pounds of 
'Data f o r  e lec t rodia lys i s  curve obtained from C .  Berger and 
C .  E. Hansen f r o m  Astropower Laboratory of Douglas Aircraf t  Co., Inc. 
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For reclamation of water from the humidity control system, it can 
be shown t h a t  the technique of mul t i f i l t r a t ion  i s  the  system of 
choice for  missions of durations l e s s  than 1 year. 
A s  these figures show, the  type of reclamation system chosen 
i s  a function of the  demands tha t  a re  placed upon it. That is, 
optimum urine reclamation techniques a r e  not necessarily the same 
as. optimum wash water reclamation techniques. 
The dehumidification water subsystem (see f i g .  7) consis ts  of 
a canis ter  of Barneby-Cheney KE-1 activated charcoal, which serves 
t o  remove the  impurit ies contained i n  this source. I n  s e r i e s  w i t h  
t h i s  canis ter  i s  a P a l l  ACF 4463 UWA 0.45~ bacter ia  f i l t e r .  
v i rulent  culture of type 1 polio v i rus  s t r a i n  LS-a was passed 
through t h i s  subsystem t o  demonstrate the  effectiveness of the 
bacter ia  f i l ter .  
ence of the polio virus .  
reclamation of condensate from the  humidity control system by t h i s  
technique amounts t o  0.009 pound per man per day. 
A non- 
A l l  e f f luents  proved t o  be negative f o r  the pres- 
The weight penalty associated with the 
The wash water subsystem cal led out under this  e f f o r t  i s  very 
similar except t h a t  it introduces an ion-exchange car t r idge i n  the 
l ine.  
i s t e r ,  chosen f o r  t h i s  subsystem on the bas i s  of i t s  comparatively 
high capacity f o r  benzalkonium chloride (the washing compound of 
Figure 7 shows a Pittsburgh type CAL act ivated carbon can- 
- 10 - 
choice under this contract) and for urea. The ion-exchange res ins  
chosen were Rohm and Haas XE-168, weakly basic  anion exchange 
resin.  
a higher capacity on a weight bas i s  than a single mixed bed, o r  
strongly ac id ic  cation and strongly basic anion exchange res ins  i n  
ser ies .  In  addition t o  these, a bed of Duolite C - 3  cation exchange 
res in  was included f o r  removal of urea, not adsorbed by the a c t i -  
vated carbon. 
Haas XE-168 i n  order t o  adjust  the pH of the f i n a l  eff luent .  
quant i t ies  of cation and anion exchange r e s i n s  used were determined 
by the  operating capaci t ies  f o r  these resins .  The launch w e i g h t  
penalty of t he  wash water reclamation by mul t i f i l t r a t ion  amounts 
t o  about 0.09 pound per man per day. 
This combination was recommended by Rohm and Haas t o  give 
The Duolite C - 3  i s  followed by a bed of R o b  and 
The 
The techniques used i n  mul t i f i l t r a t ion  makes possible the 
reclamation of 100 percent of the dehumidification and wash water 
used; these percentages are adjusted f o r  the i n i t i a l  hydration of 
these filters. Referring t o  figure 5 again, it may be noted that 
the reclamation of wash water by mul t i f i l t r a t ion  becomes economical 
w i t h  respect t o  w e i g h t  f o r  t i m e  periods pr ior  t o  about 100 aaJrs; 
thereafter, a regenerative system i s  optimum. 
COMF'RESSION DIS-TION 
I n  the  area of water reclamation of urine,  only a f e w  types of 
systems are most competitive. 
those t h a t  employ a phase change, and those that do not. 
They may be roughly divided in to  
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O f  the  phase change techniques f o r  the reclamation of water 
from urine, one process, t h a t  of vacuum compression d i s t i l l a t i o n  
has been examined i n  great d e t a i l  a t  the  Langley Research Center. 
The principle of vacuum compression d i s t i l l a t i o n  i s  i l l u s t r a t e d  
i n  f igure 8. 
unique. 
represents a considerable saving over a d i r ec t  evaporation process, 
since the heat of vaporization of water i s  about 1000 Btu's per 
pound. 
this type system, resu l t ing  from the f a c t  that  the  driving function 
which causes the  system t o  operate i s  a vapor compressor, rather 
than a heat source, as i s  used i n  conventional d i s t i l l a t i o n .  
Several outstanding features  make this type of system 
It conserves the heat of vaporization of water, which 
The conservation of t h i s  heat energy i s  a bui l t - in  feature  of 
I n  the  construction of the system, the  evaporator and con- 
denser are brought i n to  a heat-transfer re la t ionship with each 
other, so tha t  they share a common w a l l ,  which serves as a heat- 
t ransfer  surface. The compressor, i n  compressing the vapor from 
the evaporator, a l so  provides the  conditions necessary t o  cause 
these vapors t o  condense a t  a higher temperature than the operating 
temperature of the  evaporator. 
across the common w a l l  from the  condenser t o  the evaporator, thus 
conserving, o r  reusing the heat of vaporization. 
T h i s  promotes heat energy t r ans fe r  
I n  operation, a purge valve i s  opened, and the system pressure 
i s  reduced u n t i l  the vapor pressure of the waste l i qu id  i n  the 
evaporator i s  reached. The compressor i s  then act ivated and 
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saturated vapors a re  moved i n t o  the condenser with an attendant 
rise i n  pressure. Invariably, these vapors w i l l  possess some 
degree of superheat, due t o  the compression. When the  vapors con- 
t a c t  the condenser walls, they give up t h e i r  superheat and conden- 
sat ion occurs. Since condensation occurs a t  a higher temperature 
than evaporation, the  heat of condensation can be recycled i n  the  
system. Under these conditions, the only energy required t o  sus- 
t a i n  operation i s  that required t o  elevate the temperature of the 
saturated vapor i n  the  condenser by compression t o  whatever value 
it must have t o  promote the desired r a t e  of heat flow, which i n  
turn,  i s  a function of the desired water recovery r a t e .  
A key fac tor  here i s  the nature and area of the heat-transfer 
If adequate heat t ransfer  can be at ta ined without resor t ing w a l l .  
t o  high d i f f e r e n t i a l  pressures, then the  work load on the compressor 
i s  minimized and d i s t i l l a t i o n  i s  effected w i t h  low overa l l  power 
consumption. 
The Vacuum Compression Dis t i l l a t ion  System that  has been eval- 
uated i s  a f l i g h t  prototype system having zero g operating capa- 
b i l i t y .  It was fabricated f o r  the LRC under contract NAS1-1225. 
(See f i g .  9.)  
60 pounds. 
fea tures  of this device. 
of s t ruc ture  with provision for  rotating the  inner can, the evapo- 
r a to r ,  during operation. 
It stands about 2 feet  high, and weighs about 
The cross section shown i n  figure 10 shows a l l  t he  
It i s  basical ly  a can-within-a-can type 
It i s  driven by a gear t r a i n  from the  
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main drive motor a t  about 70 rpm. 
force necessary t o  insure operation under zero gravity conditions 
and a c t s  t o  cause the  waste l iqu id  t o  spread uniformly along the 
heat-transfer w a l l .  
aration under zero g, but places the waste l iquid i n  a most advan- 
tageous posit ion t o  absorb heat from the heat-transfer wall .  When 
water vapor condenses on the outer wall of t h i s  rotat ing component, 
the condensed water w i l l  (due t o  t h i s  centr i fugal  force) be slung 
off,  and w i l l  take up a posit ion around the outer w a l l ,  maintained 
i n  t h i s  rotat ing posit ion by vapor ro ta t iona l  coupling, thus 
insuring the  phase separation. 
tained during system operation t o  remove noncondensable gases such 
as ammonia and carbon dioxide. 
method of operation i s  that  excessive quant i t ies  of such gases a re  
not generated since phase change i s  effected a t  temperatures 
below 120' F. 
This provides the centrifugal 
This not only solves the problem of phase sep- 
A small purge t o  vacuum i s  main- 
A n  additional advantage of t h i s  
Residue w i l l  build up i n  any type of water reclamation system 
I n  employing phase change, unless provision i s  made t o  remove i E .  
the  Vacuum Compression Di s t i l l a t i on  System there i s  a 0.005-inch- 
thick vinyl  p l a s t i c  l i n e r ,  retained i n  place by a hard vacuum. 
This l i n e r  provides the  capabi l i ty  of removing the  residue and 
storing it with a minimum heal th  hazard t o  the  crew. 
can be dried pr ior  t o  t h i s  operation by opening the  purge t o  the  
space vacuum, and allowing the residual  water contained i n  the 
The residue 
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residue t o  escape. 
buildup, it plays havoc with the  heat-transfer charac te r i s t ics  of 
the  w a l l .  Operating on pure water a s  a control, t he  recovery econ- 
omy of the system was brought from 35.3 watt-hours per pound t o  
20.7 watt-hours per pound, simply by removing the l i ne r .  
While this i s  one way of coping w i t h  the residue 
A p a r t i a l  analysis of the condensate f o r  pur i ty  i s  included i n  
f igure  11. 
input of human ur ine w i t h  no post-treatment whatever. 
u res  were subsequently upgraded by the introduction of an entrain- 
ment f i l t e r  i n  the  system. 
This analysis  w a s  made on condensate obtained from an 
These f ig-  
Operating character is t ics  of this system are  summarized i n  
No attempt has been made t o  operate a s t e r i l e  system; f igu re  12. 
therefore ,  p l a t e  counts were not taken. 
cooperation of the Elec t r ic  Boat Division of General Dynamics i n  
Groton, Corn., we did run an inhibited polio v i rus  i n  the  system 
and had no carryover in to  the  condensate. 
ca te  that w i t h  sui table  safeguards against entrainment carryover, 
the  product water would be re la t ive ly  free of micro-organisms. 
However, through t h e  
This would seem t o  indi-  
AIR EVAPORATION SYSTEM 
The second system which u t i l i zed  phase change t o  e f f ec t  the 
pur i f ica t ion  of water i s  shown i n  schematic form on f igure 13. 
system may be called an "air evaporation system" since it consists 
This 
of a closed evaporation-condensation loop which u t i l i z e s  a i r  as a 
- 15 - 
circulat ing medium. 
orator t o  the condenser. 
wherein pretreatment additives are introduced. The r e su l t  of t h i s  
pretreatment i s  t h a t  the urine i s  rendered s t e r i l e ,  and, i n  addi- 
t ion,  the  urea, and other organics which a re  contained i n  the  urine 
are rendered l e s s  susceptible t o  temperature destruction. 
This a i r  car r ies  the water vapor from the evap- 
The r a w  urine enters  a holding tank, 
The pretreated urine i s  then fed t o  a ser ies  of wicks wi th in  
the evaporator. 
such t h a t  t he  water contained i n  the wicks evaporates, and recon- 
denses i n  the heat exchanger on the other side of the loop. It i s  
then separated from the a i r  by a centr i fugal  separator, and led  t o  
a holding tank. Charcoal i s  provided i n  the  loop t o  remove break- 
down products of the urea and other  organics, and prevent them from 
being picked up by the recondensed water. 
The temperature and pressure of the evaporator a re  
The operation of this system requires t h a t  heat energy be 
added t o  the system, pr ior  t o  the  wicks, a t  a rate of about 
loo0 Btu's per pound of water t o  be evaporated. 
same quantity of heat energy, 1000 Btu's,  must be removed i n  the 
heat exchanger t o  recondense the  water. I f  this energy were t o  be 
supplied by e l ec t r i ca l ly  operated heaters ,  t he  t o t a l  e l e c t r i c a l  
requirement would be 338 watt-hours per pound of water, w i t h  a 
result ing weight penalty of 17.4 pounds f o r  t he  t o t a l  power sup- 
plied for  one-man operation. T h i s  penalty would, i f  applicable,  
render the system very unat t ract ive.  
In addition, t h i s  
The heat energy supplied t o  
- 16 - 
. 
t h e  system is  derived, however, from a source of waste heat that i s  
being carried from other  heat sources t o  the radiator .  Uti l iz ing 
this source of heat penalizes the system f o r  only t h a t  addi t ional  
rad ia tor  surface area which i s  required t o  radiate  the same quantity 
of heat e n e r a ,  a t  a s l igh t ly  lower temperature, lowered by the  
amount of heat which was u t i l i zed  by the  evaporator. 
therefore,  penalized only 2.9 pounds per man f o r  t h e  t o t a l  energy 
requirements including the waste heat. 
f o r  t h i s  system amounts t o  the sum of the basic weight of the 
system, the waste heat penalty, t he  weight of the pre-treatment 
chemicals, and disposable wicks, and the  w e i g h t  of the  charcoal 
used. Since the  evaporation of water contained i n  the  wicks i s  
carr ied t o  near-dryness, the  system i s  nearly 100-percent e f f i c i en t .  
The only loss  of water from the system i s  t h a t  which i s  contained 
i n  t h e  wicks when they require replacement, and t h a t  trapped i n  the  
charcoal. 
eff ic iency and the l o w  weight. 
term missions, a r e  the expendables which must be supplied. 
The system is, 
The overa l l  weight penalty 
The pr incipal  advantage of  t h i s  system i s  its recovery 
The drawbacks, par t icu lar ly  f o r  long- 
The l a s t  two systems which w i l l  be discussed are  e lectrodi-  
a l y s i s  and reverse osmosis. Neither of these processes involve a 
phase change. 
ELEXTRODIALYSIS 
The mechanism of e lectrodialysis  (see f i g .  14) consis ts  of a 
s e r i e s  of compartments that are separated by semipermeable membranes 
- 17 - 
having alternate properties.  
gram a re  permeable only t o  posi t ively charged ions such as sodium. 
The membranes labeled "A" i n  the  diagram a re  permeable only t o  neg- 
a t ive ly  charged ions such as chloride. If a stack of such compart- 
ments are placed i n  a f i e l d  of d-c current, then posi t ively charged 
ions  w i l l  tend t o  migrate toward the  cathode, and negatively 
charged ions w i l l  tend t o  migrate toward the  anode. 
effect  i s  t h a t  these ions migrate in to  adjacent compartments where 
they are "trapped. " By judiciously connecting many such "stacks" 
i n  s e r i e s  one can obtain from the system a concentrate and a d i l u t e  
st ream. 
The membranes labeled "C" i n  the dia- 
The overa l l  
Electrolysis  i s  very economical of e l e c t r i c a l  power since the  
power requirements a re  a function of the quantity of ions i n  solu- 
t ion and not so much upon the quantity of water t ha t  i s  processed. 
The disadvantages of e lec t rodia lys i s  as a method of reclaiming 
water from urine would include the  f a c t  t h a t  urea and other non- 
ionizable substances cannot be removed by this technique. There- 
fore,  the system must be penalized heavily fo r  the  expendable items 
required f o r  pre- and post-treatment, primarily act ivated charcoal, 
i n  t he  presently conceived systems. 
for various reasons the recovery eff ic iency i s  l imited t o  about 
95 percent, and i n  order t o  achieve b e t t e r  reclamation e f f ic ienc ies ,  
additional systems must be added t o  the  bas ic  e lec t rodia lys i s  un i t .  
Another disadvantage i s  t h a t  
. 
- l a  - 
REVERSE OSMOSIS 
Reverse osmosis i s  the process whereby a contaminated waste 
product, such as urine i s  placed next t o  a dialyzing membrane, and 
subjected t o  a hydrostatic pressure that exceeds the osmotic pres- 
sure of the  solution. Under these conditions, water w i l l  pass out 
of the salt solution depending upon the select ive properties of t he  
membrane. Unfortunately, most membranes t h a t  w i l l  pass water w i l l  
a l so  pass urea. 
urea and other organics i n  urine i n  order t o  obtain a potable product 
f romthe  pressure c e l l .  
system. 
c a l i t y  of e lectrodialysis  systems) upon ef fec t ive  pre-treatment 
Therefore, pre-treatment i s  necessary t o  remove the 
Figure 15 shows a block diagram of such a 
The p rac t i ca l i t y  of such systems depend (as do the prac t i -  
techniques t o  remove urea and other organics from the waste stream. 
The LRC i s  promoting research i n  this area under contract NAS1-4373. 
The pre-treatment i n  this uni t  consists of an e l ec t ro ly t i c  pre- 
treatment technique that has been worked out t o  decompose urea i n t o  
carbon dioxide, nitrogen, hydrogen, and water. This decomposition 
takes place by way of the  following series of reactions: 
Anode : 
6ci' + 3ci2 + 6e 
Cathode : 
6 ~ 2 0  + 6 Na+ + 6e + 3% + 6 0 ~ -  + 6Na' 
- 19 - 
The chlorine produced a t  the anode reac ts  w i t h  the  sodium 
hydroxide formed a t  the  cathode t o  give hypochlorite ion, 
3Cl2 + 6Na' + 60f  + 3NaOC1 + 3Na' + 3 C l -  + 3%0 
the hypochlorite ion oxidizes the urea v i a  the known reaction 
CO(w)e + 3NaOC1 + N2 + 3 N a C 1  + -0 + C02 
The sum of (I), (2), (3), and (4) i s  
C O ( q ) 2  + 50 + C02 + N2 + 3H2 
The hypochlorite formed v ia  reaction (3) is, of course, a 
powerful oxidizer and dis infectant .  
decomposing the urea, it decomposes other organic compounds and 
s t e r i l i z e s  the  water. Total  bac t e r i a l  count i n  tes t  samples has 
gone from 9,900,OOO t o  less than 5 per m i l l i t e r  during an elec- 
t ro lys i s  run. 
I n  addition t o  attacking and 
The reverse osmosis system, u t i l i z i n g  the e l ec t ro lys i s  pre- 
treatment, operates t o  remove the remaining inorganic salts  from the 
input. The osmotic pressure of the feed stream t o  the uni t  i 6  due 
t o  the  inorganic salts, and has been found t o  be about 175 pounds 
per square inch. That is, i n  order t o  produce pur i f ied  water 
through the osmotic membrane, the pressure of the input, o r  con- 
taminated side must exceed this 175 pounds. 
the membrane from this stream, the salt concentration of t he  
As water moves through 
- 2 0 -  
remainder increases, and the osmotic pressure r i s e s ,  necessitating 
higher operating pressures. Each unit molarity of dissolved s a l t s  
contributes 381 pounds per square inch of osmotic pressure. Thus 
the  ultimate water recovery is  l imi t ed  by the  m a x i m u m  pressure i n  
the reverse osmosis c e l l .  Water recovery without removal of these 
dissolved s a l t s  i s  l imited t o  about 96.5 percent a t  a pressure of 
WOO pounds per square inch. 
Some of the  advantages of t h i s  type of system are:  (1) low 
weight, s ize ,  and power requirements; (2 )  operation is at ambient 
temperature; ( 3 )  by-products from the  e l ec t ro lys i s  process are non- 
toxic  and u t i l i zab le ;  ( 4 )  s t e r i l i z a t i o n  i s  inherent i n  the system; 
and ( 5 )  no expendables are required - a great advantage on long- 
term missions. 
The e lec t ro lys i s  pre-treatment which has been perfected f o r  
t h i s  process was needed i n  order t o  make the system competitive 
w i t h  o ther  systems. In  doing t h i s ,  a pre-treatment technique has 
been developed which shows merit when applied t o  other reclamation 
processes, par t icu lar ly  by eliminating the problems tha t  are ereated 
by the  urea i n  urine.  For example, the  compression-distillation sys- 
tem is  penalized fo r  the weight of the l i n e r s  tha t  contain residue i n  
the system. Elimination of the urea r e s u l t s  i n  a decreased mount of 
residue, and therefore,  a decrease i n  the weight of these l i n e r s  
which are  charged t o  the system. Applying the concept t o  waste heat 
a i r  evaporation systems results i n  a decreased weight penalty f o r  
- 21 - 
wicks and charcoal. 
i n  decreased weight penal t ies  f o r  the  pre-treatment chemicals and 
Applying the concept t o  e lec t rodia lys i s  results 
charcoal. 
CONCLUDING REMARKS 
In suxxrmary, a number of water reclamation system concepts have 
been reviewed, and t h e i r  various advantages and disadvantages dis-  
cussed. 
Center, as w e l l  a6 elsewhere, are directed toward improving the  
state of the art. 
i s  expected tha t  these weight penal t ies  can be m e t  by incorporating 
new system concepts, such as the  e l ec t ro lys i s  pre-treatment, and 
others which are now i n  the planning stage.  
The e f for t s  which are being made at  the Langley Research 
Referring t o  the  dotted curve on f igure 5 ,  it 
- 22 - 
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